Microporous silicon membranes were recently introduced to create hexagonally-patterned arrays of micro-scale interfaces between two immiscible electrolyte solutions (µITIES). In this report we present a simulation study of the application of differential pulse stripping voltammetry (DPSV) using these µITIES arrays for ion sensing. Simulations showed that the stripping current for ion detection was enhanced by use of relatively deep pores (i.e. a low pore aspect ratio) and a viscous organic phase. These factors decrease the speed of escape of the preconcentrated ion from the organic side of the ITIES. The stripping current initially increased steeply with preconcentration time but eventually reached a plateau. Experiments performed using a µITIES array with micropores of radius 26 µm, depth of 100 µm and with a gelified organic phase demonstrated the saturation of the stripping peak with increasing preconcentration time for the DPSV detection of tetraethylammonium ion. The reasons for the saturations are discussed in terms of diffusion coefficients and depth of the micropores.
Introduction
Electrochemistry at the interface between two immiscible electrolyte solutions (ITIES) [1] [2] [3] [4] is of special interest in analytical chemistry because it enables the measurement of electroanalytical signals of charged analyte species in solution without the need for their oxidation or reduction [1, [5] [6] [7] [8] . Ionised substances can therefore be detected in a label-free manner even if their oxidation/reduction is not easily achieved or is masked by the presence of an interfering substance at solid electrodes, e.g. [8, 9] .
In general, electroanalytical performance is improved by miniaturisation of the electroactive surface. The introduction of micron-sized solid electrodes [10] led to major progress in electroanalysis. The analogous introduction of micron-scaled ITIES (µITIES) also brings several advantages [11, 12] . The smaller size of the interface results in smaller currents and therefore a reduced Ohmic potential drop especially in the resistive organic phase. The µITIES is subject to increased diffusional transport of the analyte compared to their macroscopic counterparts, resulting in an increased current density and in an enhancement of sensitivity and a lowering of detection limits. The strength of the electroanalytical signal can be amplified if several µITIES are operated in parallel, in the form of an array of µITIES [13] .
Recently, arrays of µITIES were developed using micropores fabricated within silicon solidstate membranes [14] . Different array designs were fabricated, possessing between 3 and 120 micropores arranged in an hexagonal pattern with between-pore centre-to-centre distances of 100 -1000 µm and pore radii between 5 and 25 µm. The silicon membrane thickness was 100
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Not marked Revision p. 3. µm. These were used to form arrays of µITIES to investigate simple and facilitated ion transfer [14, 15] and for the detection of dopamine [6] , oligopeptides [7] , and propranolol [5] .
The performance of the µITIES array in a hydrodynamic arrangement was also investigated [16] .
Cyclic voltammetry (CV) of ion transfer across the µITIES confined within such solid-state micropore arrays was studied in detail by simulations [15] . The simulation model took into account the geometric properties of the membrane as well as possible interactions of the diffusion zones around neighbouring micropores. By comparing simulation with experiments, it was shown that the ITIES was practically co-planar with the membrane surface on the aqueous side, i.e. the pores were filled with the organic phase. In the experiments, the organic phase was gelified to increase the mechanical stability of the interface and to facilitate the experimental set-up. By comparing experimental and simulated voltammograms, the ratio of the diffusion coefficients of the transferring ion in the organic and aqueous phases was determined. The diffusion coefficient in the organo-gel was reduced by a factor of 8.7
compared to that in the aqueous phase.
Applications of stripping voltammetric techniques at ITIES have been investigated by Senda and co-workers [17] [18] [19] [20] [21] and by Lee at et al. [22] . Ohkouchi et al. [17] used a micropipette filled with nitrobenzene in contact with an aqueous phase. Acetylcholine was preconcentrated into the nitrobenzene and stripped back into the aqueous phase. Theoretical considerations predicted a dependence of the stripping peak height on the square root of the preconcentration time and this was in agreement with experiments. Katano and Senda developed a thin film organo-gel/water interface electrode which was applied to stripping analysis of Hg + and Pb
2+
ions [18] and polyoxyethylene non-ionic surfactants [19] . The fact that the sensitivity of the p. 4.
stripping step can be enhanced if the diffusion of the analyte in the organic phase is diminished by gelification of the organic phase was also exploited by Lee et al., who used a micromachined organo-gel membrane for stripping analysis of choline ions [22] .
In our recent work, improved sensitivity was achieved by combination of stripping and pulse voltammetric techniques (e.g. differential pulse stripping voltammetry (DPSV)) at the gelified µITIES array formed in solid state membranes. It was found that DPSV improved the detection limits obtained at the µITIES array for oligopeptides [7] and for the beta-blocker drug propranolol [5] in comparison to linear sweep voltammetry, differential pulse voltammetry (DPV) or linear sweep stripping voltammetry.
In this report, we present a detailed examination of the performance characteristics of DPSV at a µITIES array formed at a microporous membrane. The purpose of the work was to 
Experimental

Reagents
All reagents were purchased from Sigma-Aldrich Ireland Ltd (unless indicated otherwise) and used without further purification, with the exception of 1,6-dichlorohexane (1,6-DCH) which was purified according to the published procedure [23] . The organic phase electrolyte salt was bis-(triphenylphosphoranylidene) ammonium tetrakis(4-chlorophenyl)borate (BTPPATPBCl), which was prepared as described elsewhere [13] . The organic phase was prepared as a gel [7] and was composed of the organic solvent (1,6-DCH), the organic electrolyte, and low molecular weight poly(vinyl chloride) (PVC, from Fluka).
Micropore array
The micropore arrays were fabricated in silicon using a combination of wet and dry silicon etching to thin the wafers and etch pores through the thinned portions, as described previously [14] . The micropore array design used in this study consisted of eight pores arranged in an hexagonal close-packed array geometry. Each individual pore measured 52 µm diameter and the pore-to-pore (center-to-center) distance was 491 µm. The thickness of the silicon membrane, or pore depth, was 100 µm. Scanning electron microscopic images of the whole array and single pores were presented previously [7, 14, 15] .
Experimental procedure
All experiments at the µITIES array were performed using a CHI 620B potentiostat (CH Instruments, Texas, USA). The cell set-up, utilizing Ag|AgCl reference electrodes, was described previously [7, 15] . The waveform parameters for DPSV at the µITIES array, as previously determined [7] , were: step height (incremental voltage): 0.004 V, pulse amplitude: 
Theory
The simulation of ion transfer across the ITIES confined in micropore arrays was described in detail recently [15] . A summary is given here. Transport is assumed to occur by diffusion only and is described by a diffusion equation in cylindrical coordinates. A sketch of the computational domain including the boundary conditions is presented in Figure 1 . The pore is filled with the organic phase and the ITIES is co-planar with the membrane surface on the aqueous side. Initially (at time t = 0 s), the concentration of the transferring ion in the aqueous phase is at the bulk value, c=c b , while in the organic phase the concentration is zero. The space is normalised by the radius of the pore, r a , so that R a =1 is the dimensionless pore radius.
The pore depth l in physical length units (µm) is converted to the dimensionless pore depth L by L = l/r a . The no-flux boundary condition on the right-side of the domain shown in Figure 1 p. 7.
allows for interaction with the diffusion zones of the six nearest-neighbour micropores of the hexagonal pore arrangement. Following the diffusion zone approach, which is a valid model for r a >1 µm [24] , the right-side boundary line is located at The kinetics of ion transfer across the ITIES (dashed line in Figure 1 ) can be described by a
Butler-Volmer-type equation [25] [26] [27] [28] 
which, together with the equation for interfacial flux conservation,
Not marked Revision p. 8.
constitutes the boundary condition at the interface. In Equation (1) and (2) The reported currents are normalised by the limiting current, described by the Saito equation 
The gradient in Equation (3) is evaluated along the interface (the dashed line in Figure 1 ), which is located at Z=0. The dimensionless limiting current is then given by G lim =1.
Computational details
Simulations were performed using the finite element method (FEM) program package COMSOL Multiphysiscs (version 3.5a, COMSOL Ltd., Hertfortshire, UK), equipped with the chemical engineering module. Free mesh parameters were used at locations where high concentration gradients occur. These locations are the points of the orifices on both sides of the pore and the boundary line of the ITIES. Here a maximum size of the triangular elements of 0.0002 and a factor of 1.1 for element expansion were used. This mesh was tested previously and shown to deliver acceptable limits of errors in the calculated currents [15] . The software's built-in direct solver UMFPACK [32] was used to solve the time-dependent system of equations.
The generation of complex excitation waveforms (e.g. potential-time curves) used in timedependent boundary conditions in the simulation of electrochemical systems has been described by Ludwig et al. [33] . For the simulation of DPSV, a FORTRAN 95 program was written for generating the potential-time profile. The DPSV signal was calculated by superimposing a staircase waveform and a pulse waveform [34] , as illustrated in Figure 2 
Results and Discussions
In order to justify and verify some of the model assumptions used, such as γ, the shape of the CV can be qualitatively explained in terms of spherical and planar diffusion [14] and has been quantitatively analysed by simulation [15] , as has been done previously for a similar configuration by Josserand et al. [35] . The limiting current is affected by the position of the ITIES (co-planar with the membrane at the aqueous side, or recessed within the pore), whereas the back peak is sensitive to the value of the diffusion coefficient of the transferring species in the organic phase. The peak current increases with decreasing diffusion confirms the geometric properties and dimensions of the microporous membrane which were evaluated by scanning electron microscopy [7, 14, 15] .
The CV in Figure 3 also helps to establish the applied potentials to use in the DPSV waveform. For preconcentration, a potential of 0.85 V is applied to transfer TEA + from the aqueous phase into the organic phase. For the stripping step, the potential is pulsed from 0.85 Figure 4A gives an example for a complete current-time output from a simulation. 0.5 and 1 were performed, represented by the solid, dashed and dotted lines, respectively, in Figure 5 .
Analysis of the role of the pore depth (as controlled by membrane thickness) shows that for a shallow pore depth, L=1 (pore aspect ratio R a /L=1) and for values of γ=1 and γ=0.5, no increase of the DPSV peak currents with increasing preconcentration time within the range of 3 s to 90 s was observed ( Figure 5A , dotted and dashed lines). A close inspection of the curves simulated for a diffusion coefficient ratio γ = 1 reveals a slight decrease in the DPSV peaks for longer preconcentration times. This decrease might be due to a small overlap of diffusion zones caused by the increase of the diffusion length of the probe ion with the higher diffusion coefficient in the organic phase. However, the effect on the peak current G p is minimal so that the pores behave essentially independently. Furthermore, the simulated peak currents were smaller than the peak currents computed for the deeper micropores shown in
Figures 5B to 5D. Although the transfer of ions from the aqueous phase into the organic phase increased with increasing t c for all values of the pore depth, the amount of ions transferred back from the organic phase was smaller for the shallower pores shown in Figure 5A . With decreasing pore depth, the time for an ion to pass through the pore becomes shorter. Upon passing through the micropores, the transferring ions might dissipate into the trans-membrane space on the organic side and are not readily available to be stripped back into the aqueous phase. This process is most obvious for pore aspect ratios of one and γ = 1 and γ = 0.5, where the peak currents do not increase from the smallest t c of 3 s up to 90 s. However, for the smaller diffusion coefficient in the organic phase (γ = 0.115, solid line in Figure 5A ) a small increase of the stripping peak current is observed for shorter preconcentration times. Smaller values of γ imply a reduced diffusion length in the organic phase compared to the aqueous phase, leading to an accumulation of ions within the micropores and therefore to an increase in the stripping peak current, since these ions are more readily available for the stripping process. For example, for the micropores of L = 1, the |G p | values for γ = 0.5 have almost doubled compared to γ = 1. However, in both these cases, the amount of ions transferred across the ITIES into the pore is quickly balanced by the amount of ions leaving the pores on the organic side and an increase in preconcentration time has no effect on the stripping peaks.
The "positive" effect of the pore depth on the peak height can clearly be seen in Figure 5B to 5D. For deeper pores, the "saturation" onset of the peak currents with increasing t c is shifted towards longer preconcentration times. For the deepest pores used in the simulations (L = 8
(200 µm)), Figure 5D ), the stripping peaks coincide for the three different γ values for preconcentration times of up to 18 s, indicating that due to the deep pores the transferring ions are trapped within the pores, despite their different diffusion length in the organic phase.
Simulations for pore depths identical to the membranes used in experiments and for a γ value as evaluated for the transfer of TEA + from aqueous to the gelified organic phase, by comparison to experiments, are shown as the solid line in Figure 5C . The combination of the pore depth of 100 µm and the 8.7-fold decrease of the diffusion coefficient caused by the higher viscosity of the gelified organic phase ensures a high efficiency of the stripping process. Replacing the gelified 1,6-DCH by 1,2-dichloroethane, an organic solvent commonly used for electrochemistry at the ITIES, would increase the γ coefficient to 0.95 (using a diffusion coefficient of 9.3×10 -6 cm 2 s -1 for TEA + in 1,2-dichloroethane [37] ) and the |G p |-t c curve would resemble the dotted line in Figure 5C , which was calculated for γ = 1. Therefore, the gelification of the organic phase has not only the advantage of stabilisation of the ITIES, but also increases the sensitivity of DPSV measurements. Increasing the membrane thickness or pore depth to 200 µm would further enhance the stripping signal, especially for systems with higher ratios of the diffusion coefficients ( Figure 5D ). The use of gelified 1,6-DCH as the organic phase provides a noticeable enhancement of the stripping peak current for preconcentration times t c >30 s.
The saturation effect on the stripping peak for longer preconcentration times was also observed in experiments by Lee et al. [22] who used linear sweep stripping voltammetry technique based on a polymer composite membrane (nitrophenyloctylether-PVC) to form micro-liquid/gel interfaces for detection of choline ions. They assumed that the saturation was due to analyte ions travelling through the micropore where linear diffusion prevails and reaching a zone where spherical diffusion prevails, i.e. at the other end of the pore. The ions reaching this zone may not be stripped out as efficiently as those in the micropore [22] . This assumption is supported by the simulations presented here. To illustrate this behaviour, plots of equiconcentration lines for two micropore systems are shown in Figure 6 . Figure 6A and 6B presents concentration plots for a pore depth of L=4 (l=100 μm, r a =25 μm) and γ=0.115, parameters which were realised in our experimental system. For Figure 6C and 6D, the parameters L=1 (l=25 μm, r a =25 μm) and γ=1, implying no gelification of the organic phase, Figure 6A and B will still lead to a higher concentration of the analyte ions within the pore and consequently to an increase in the DPSV peak, as shown in Figure 5C , solid line. In contrast, an increase of t c for the shallower pore will not increase the concentration within the pore and the stripping peak will not increase, as shown in Figure 5A , dotted line. The amount of analyte entering the shallower pore from the aqueous side is almost identical to the loss of ions from the pore by egress on the organic side, illustrated by the symmetry of the spherical concentration profiles on both sides of the membrane ( Figure 6C ). In such a situation, the analyte concentration within the pore is independent of the preconcentration time and, as a result, a saturation of the stripping peak current occurs. Figure 7 . The inset in Figure 7 shows the comparison of the experimental peak currents to the simulated values as a function of the preconcentration time. The experimental DPSV peak currents show the "saturation" effect for higher preconcentration times, caused by the dissipation of ions into the bulk organic phase. As predicted by the simulation, a preconcentration time of 30-40 s is sufficient for an optimal peak height. Further increases in the preconcentration time t c yields only a small increase of current signal |G p |.
Conclusions
The combination of µITIES based on regular arrays of micropores in solid state membranes and stripping voltammetric techniques provides an effective platform for ion sensing at liquidliquid interfaces. This combination has been investigated by simulations and compared to experimental data. It was found that an enhancement of the stripping signal was achieved by increasing the length of the pores within which the organic phase is located and by slowing down the diffusion speed of the analyte in the organic phase. The latter is achieved by increasing the viscosity of the organic phase by employing a gelled organic phase. These collective effects are then manifested as enhanced stripping currents because the analyte is not lost from the organic phase within the pores to the bulk organic phase outside the pores but instead is retained within the pores close to the interface and thus is available for the backextraction (stripping) process. The use of deeper pores for formation of µITIES, as is possible by use of silicon membranes [14] rather than polymer membranes [22, 38, 39] , and the use of gelled organic phases bring advantages to electroanalytical stripping measurements. 
